The repair-dependent model of cell radiation survival is extended to include radiation-induced transformations. The probability of transformation is presumed to scale with the number of potentially lethal damages that are repaired in a surviving cell or the interactions of such damages. The theory predicts that at doses corresponding to high survival, the transformation frequency is the sum of simple polynomial functions of dose; linear, quadratic, etc, essentially as described in widely used linear-quadratic expressions. At high doses, corresponding to low survival, the ratio of transformed to surviving cells asymptotically approaches an upper limit. The low dose fundamental-and high dose plateau domains are separated by a downwardly concave transition region. Published transformation data for mammalian cells show the high-dose plateaus predicted by the repair-dependent model for both ultraviolet and ionizing radiation. For the neoplastic transformation experiments that were analyzed, the data can be fit with only the repair-dependent quadratic function. At low doses, the transformation frequency is strictly quadratic, but becomes sigmodial over a wider range of doses. Inclusion of data from the transition region in a traditional linear-quadratic analysis of neoplastic transformation frequency data can exaggerate the magnitude of, or create the appearance of, a linear component. Quantitative analysis of survival and transformation data shows good agreement for ultraviolet radiation; the shapes of the transformation components can be predicted from survival data. For ionizing radiations, both neutrons and x-rays, survival data overestimate the transforming ability for low to moderate doses. The presumed cause of this difference is that, unlike UV photons, a single x-ray or neutron may generate more than one lethal damage in a cell, so the distribution of such damages in the population is not accurately described by Poisson statistics. However, the complete sigmodial dose-response data for neoplastic transformations can be fit using the repair-dependent functions with all parameters determined only from transformation frequency data.
Introduction
Ionizing-and ultraviolet radiation can kill cells and transform the properties of survivors. Because radiation produces both effects, it is reasonable that they might be related. The dependence of the probability of cellular transformation on radiation dose is of interest, especially for low doses (National Research Council 2006) .
Survival
The mathematical expressions for the probability of transformation per surviving cell developed in this paper are based on an extension of the theory of repair-dependent radiation survival (Sutherland 2006) , which assumes acute radiation exposures of homogeneous populations of cells growing in culture. Both survival and transformation are assumed to be measured using clonogenic assays. The hypotheses underlying the repair-dependent model of survival are that the number of lethal damages formed are proportional to dose and that a cell will not be able to reproduce if it receives one or more lethal radiation damages that cannot be repaired (inherently lethal damages, ILD), or more than a critical number of potentially repairable damages (PLD). The extension of the model is based on the hypothesis that to be transformed, a cell must receive one or more PLD, but must survive. The requirement for survival implies that no ILD were inflicted and that all potentially lethal damages are repaired adequately to permit survival. Transformation is presumed to result from the effects of either individual misrepaired damages acting alone or two or more such damages acting in combination with one another.
The expression for the probability of repair-dependent cell survival, S RD , in a population receiving a dose, D, is shown in (1), where: D 1 is the dose that results in an average of one lethal radiation damage per cell; ϕ is the average probability that a lethal damage is repairable (i.e. potentially lethal); n is the average minimum number of potentially lethal damages that overwhelm the repair mechanisms and render a cell incapable of dividing; and Q is the regularized gamma function, which takes two arguments.
The structure of (1) is similar to other widely used expressions for cell survival: the multitarget-single-hit-plus model (MTSH+) (Hall 2000) shown in (2) and the linear-quadratic (LQ) model (Chadwick and Leenhouts 1973, Kellerer and Rossi 1978) shown in (3). All three expressions are the product of two terms: a single exponential that accounts for the initial decrease in survival due to inherently lethal damages and a second term that accounts for the shoulder and subsequent decrease in survival for higher doses. In the repair-dependent model, the latter term results from the exhaustion of cellular repair capabilities, whereas, the original derivations of the expressions for MTSH+ and LQ survival were based on only the formation of damages and did not consider repair. 
While the expressions in (2) and (3) can adequately represent experimental data, it was recognized beginning in about 1980 that the underlying theories from which they were derived ignore DNA repair, which would be expected to influence the survival resulting from various doses. A number of models of cell survival were introduced that explicitly consider repair as well as induction of damage in determining survival (Tobias et al 1980 , Blocher 1982 , Tobias 1985 , Curtis 1986 , Sontag 1987 , 1990 , 1997 , Kiefer 1988 , Lind et al 2003 , Kundrat et al 2005 . All are similar to the expressions in (1), (2), and (3) in that they result in an expression for survival that is the product of a single exponential that accounts for the decrease in survival at low doses and a second term that accounts for the shoulder and subsequent more rapid decrease in survival. They differ in postulating different mechanisms to account for the shoulder and behavior of the survival function at higher doses. Understanding of the molecular mechanisms of the repair of radiation-induced damages has increased significantly since the concepts of lethal damages and potentially lethal damages were introduced (Friedberg et al 1995 (Friedberg et al , 2013 , but for the purposes of this analysis, these quantities are more useful, reflecting the wide range of damages and repair mechanisms to which the theory can be applied. In addition, including repair-mechanism specific processes invariably increases the number of parameters in the model. Only two or three parameters are required to determine the shape of a survival curve, as demonstrated by (1), (2), and (3). Including more parameters exceeds the information content of a survival data set.
Transformation
The expressions for survival apply when cells are cultured under permissive conditions after irradiation. Colonies formed when cells are grown under various restrictive conditions represent the probability that some have been transformed by the radiation to overcome the imposed restrictions. A parameter used to characterize such effects is the transformation frequency, i.e. the fraction of surviving cells that are transformed. For doses that kill no more than a small fraction of the irradiated population, the transformation frequency is observed to be a non-linear function of the dose and is often assumed to be a linearquadratic function, as shown in (4), where X is the fraction of the irradiated cells that are transformed by dose, D, and S is the fraction that survived, while a and b are experimentally determined coefficients. Although (3) and (4) are both referred to as linear-quadratic expressions, I know of no mathematical linkage between the coefficients α and β in (3) and a and b in (4).
The present work explores the hypothesis that transformation is initiated by defective repair (misrepair) of potentially lethal damages in a surviving cell. It thus connects the parameters involved in describing survival with some of the parameters describing transformation. The starting point is the repair-dependent model for survival, which was derived based on the dependence of survival on cellular repair capacity (Sutherland 2006) . When all parameters are obtained from transformation data, however, it is not necessary to presume that the damages responsible for survival of the overall population and those responsible for transformation are identical.
Methods
Numerical fitting procedures and all figures containing calculated functions or experimental data were prepared using Mathematica (version 8.0.1.0; Wolfram Research, Inc., Champaign, IL USA). Figure 1 was created with Omnigraffle Pro (5.4.1; The Omni Group, Seattle, WA, USA). Omnigraffle Pro was also used to digitize previously published survival and transformation data, which were not available in numerical form. In mathematical expressions, square brackets are reserved for enclosing function arguments in cases where there is a possibility of ambiguity; braces surround lists, sets or other collections; parentheses are reserved for grouping terms or specifying binomial coefficients; and steps in a derivation following an initial expression are linked by numbered right arrows, which can be read as 'which implies' and with the number above the arrow used to designate the expression immediately to the right of the arrow. The expression resulting from the mth step in equation n is referenced as (n-m), and the expression immediately to the right of the equal sign is (n-0).
Theory
The process for determining clonogenic survival and transformation frequencies are outlined in figure 1. All radiation exposures are presumed to be acute, the duration of the irradiation being short compared to any cellular response, such as DNA repair. Bystander effects (Ballarini et al 2002) and small decreases in survival and transformation that have been reported at very low doses are not treated (Joiner et al 2001 , Redpath et al 2001 . The probability of a cell being hit and the distribution of DNA damages within a population is presumed random and thus represented by Poisson probability functions. Limitations of this assumption in the case of ionizing radiations are discussed below. The theory explaining transformation is based on the derivation of the expression for repairdependant survival, which is shown in (1). Thus, it is necessary to recapitulate briefly this derivation, which was reported in greater detail previously (Sutherland 2006) . Suppose that a fraction ϕ of the lethal radiation damages produced by a given dose can be repaired to restore the ability of the damaged cell to generate a colony. Loss of colony-forming ability may be due either to senescence or apoptosis. Depending on the type of damage and the repair pathway involved, the genome of surviving cells can be returned to their original sequence e.g. single strand damage restored by excision repair, or to a modified sequence, e.g. double strand breaks or multiply-damaged sites involving both strands and repaired by non-homologous end joining. But the repair mechanism can be overwhelmed so that under the conditions of a particular experiment, the formation of n or more such potentially lethal damages (PLD) results in a cell that cannot repair all PLD and therefore cannot form a colony. The remaining fraction, (1 − ϕ), are either inherently lethal damages that are incapable of being repaired to permit colony formation, or are a fraction of the initial damages that are incorrectly repaired so as to render the cell incapable of forming a colony; collectively, they are denoted by ILD. Thus, to be able to form a colony, i.e. to survive, a cell must have no ILD and fewer than n PLD.
Suppose that a dose D results in a population in which there are an average of μ lethal damages per cell and that D 1 is the dose that produces an average of one lethal damage per cell in the population; it is thus the dose that would reduce the surviving fraction to a value of e −1 in the total absence of repair provided that all damages are distributed randomly. The production of damages is presumed proportional to dose, so μ is equal to D/D 1 . It is convenient to perform derivations and plot computed functions using μ, but necessary to switch to D and D 1 , when experimental data are involved, because such data are reported in terms of dose. 
Repair-dependent model for radiation survival
Derivation of the expression for repair-dependent radiation survival is outlined in (5). If there are an average of μ lethal damages per cell in a population and they are randomly distributed among the cells in the population, the probability of having i in a given cell is given by the Poisson probability μ i e −μ /i!. Because ϕ is the average probability that a particular lethal event is potentially lethal, the probability that all i are potentially lethal is ϕ i , so the probability that a cell has i lethal damages all of which are potentially lethal is ϕ i μ i e −μ /i!. The probability that a cell survives is the sum of this factor for all values of i less than n, as shown in (5-0).
1 In step 1, the terms are rearranged. The critical change comes in step 2, where the exponential sum function (Weisstein 2003 ) is invoked to replace the summation in (5-1) by e ϕμ Q[n, ϕμ], where Q is the regularized gamma function, which takes two arguments: n and the product ϕμ, the average number of repairable lethal damages per cell produced by dose D. An important consequence of (5-2) is that n is no longer constrained to be an integer, which was a critical limitation of single-targetmulti-hit target theory (Fowler 1964) . Mathematically, this is described as analytical extension; Immediately after receiving a uniform dose D of radiation delivered in a time less than required for significant repair, the cells in the population can be described as either remaining undamaged, or having been damaged. The damaged cells are grouped into four subsets: cells having one or more inherently lethal damage (ILD); cells having at least n potentially lethal damages (PLD); cells having at lease one but fewer than n potentially lethal damages; and damaged cells with neither inherently or potentially lethal damages. (c) After a period of time, determined either by the progression of the cell cycle or the conduct of the experiment, the population can be grouped into three subsets: cells that will form colonies under permissive conditions (shown with a white background); cells that cannot form colonies and hence are reproductively dead; and cells that have been transformed and will form colonies under both permissive and restrictive conditions (X). The probability of survival, S, after dose D is determined experimentally by dividing the number of colonies formed under permissive conditions in (c) by the corresponding number in (a). The probability of transformation, X, is determined by dividing the number of colonies from (c) grown under restrictive conditions by the number of colonies from (a) grown under permissive conditions. The probability of transformation per survivor, X/S, is determined by dividing the number of colonies from (c) that were grown under restrictive conditions by the number from (c) grown under permissive conditions. The subset boundaries from (b) are retained in (c) to indicate the linage of the cells in that diagram.
physically, it represents a population average.
Step 3 replaces μ with the ratio of doses, D/D 1 . Thus, the repair-dependent survival function involves three parameters, ϕ, n, and D 1 , which may be obtained by fitting expression (5-3) to experimental survival data. A plot of the repairdependent survival probability as a function of D/D 1 and ϕ for an arbitrary value of n is shown in figure 2. Regularized gamma functions for four values on n are plotted in the upper panel of figure 3 , and some of the properties of these functions are discussed in the figure legend.
Repair-dependent model for radiation induced cellular transformation
The hypothesis motivating the extension of the repair-dependent model is that the probability of transformation is proportional to the number of lethal damages repaired in a surviving cell or to the various combinations of such damages. It is possible, however, that the populations of damages resulting in cell death and transformation are not necessarily the same, as discussed , and the probability that a lethal damage will be potentially lethal, ϕ, calculated from (5) assuming that n = 5. Note that for values of ϕ less than about 0.4, the survival functions appear nearly exponential, albeit with a slope that becomes steeper as ϕ decreases. This reflects the fact that an apparent single exponential decrease in survival does not necessarily imply the total absence of repair.
below. Because the probability of transforming a cell is presumed to be very low (<10 −2 ), it is unnecessary to correct for the possibility that a particular cell is transformed more than once. To illustrate the approach, first consider that the probability of transformation is proportional to the number of individual PLD repaired in a surviving cell. This can be represented as the product iξ 1 , where i is the number of potentially lethal damages in each surviving cell and ξ 1 is the average probability of a transformation event per PLD. This product is multiplied by the The value of n for each curve is indicated in the lower right. They were chosen to emphasize that n is not restricted to integer values, and differ in steps of unity to facilitate plotting the transformation frequency dose response functions shown in the lower panel. The small filled circle on each curve indicates the location of the shoulder of Q, defined as the value of ϕμ that results in the greatest rate of change of the Q function, i.e. the value of ϕμ that causes the second derivative of Q to be zero. The shoulders thus defined are located at ϕμ = n −1. Locating the shoulder at this dose is exactly analogous to the quasi-threshold dose defined in the multi-target single-hit model (without the '+'), i.e. (2) without the leading single-exponential. The lower panel shows plots of the linear, quadratic and cubic terms in the expression for transformation frequency shown in (8) for n = 7.5; the inset shows in more detail the behavior of these functions for lower levels of survivable damage. probability of a cell containing i potentially lethal damages and summed over all cells that are viable, i.e. for i from 1 to n − 1, as shown in (6), where X RD1 represents the probability of transformation per cell produced by the number of lethal damages resulting from dose D. In step 1, terms are rearranged. In step 2, the index i is replaced by k + 1 and in step 3, the remaining sum is replaced by the regularized gamma function using the exponential sum theorem, but now with the first argument reduced by unity. In step 3, we also switch to expressing the average number of lethal damages to the ratio of doses. At low doses, where Q ≈ 1, the probability of transformation is directly proportional to the product of the probability of transformation per repaired damage, the probability that a lethal damage is potentially lethal and the dose, all as expected. At high doses, the situation is more complex. The exponential term appears in both the expressions for transformation and survival, and thus will be absent when the transformation frequency is calculated. But the gamma function in (6) differs from the one in (5), so at high doses the expression for transformation frequency will not be a linear function of dose. 
The quadratic and higher order terms for transformation can be addressed in much the same way as was the linear term in (6). However, it is possible to avoid this piecemeal approach and derive the general expression assuming that the probability of transformation can be proportional to the interaction of any combination of repaired potentially lethal damages in surviving cells, as demonstrated in (7). The probability of producing a transformation involving the interaction of j repaired damages is represented by ξ j and binomial coefficients for the number of ways j damages can be selected from i damages is included in the product of probabilities.
In step 1, terms are rearranged and the exponential sum theorem is applied in step 2. The dose ratio does not replace μ to keep the notation compact. Note that the expression for j = 1 in (7-2) is identical to that obtained in (6). If only the linear and quadratic terms are required to describe experimental data, ξ j would be set to zero for all j > 2. 
Transformation frequency
Each of the terms in (7-2) starts out at low doses as dose to the jth power, and thus is either linear in dose (j = 1) or super linear (concave upward) for higher values of j. As the dose increases, however, the increasing probability of inherently lethal damages (the exponential term in (7-2)) and the increasing likelihood that the repair capacity of the cell will be exhausted (represented by the gamma function) will cause the probability of forming transformed cells to decrease, asymptotically approaching zero. To focus on the mechanism of transformation, it is traditional to report the transformation frequency, defined as the probability of transformants per surviving cell, and determined as described in the caption of figure 1. The corresponding mathematical representation of this quantity for repair-dependent transformation and survival is derived in (8) and the linear and quadratic terms shown explicitly in (8-1). The exponential terms in the expressions for survival and transformation are identical and thus disappear from the ratio, reflecting the fact that cells receiving inherently lethal damages can neither survive nor be transformed. 
Because ϕ and μ always appear as a product in (8-1), a new variable μ ϕ ≡ ϕμ, the average number of potentially lethal damages per cell, is introduced in step 2 of (8). This is useful when transformation frequency data are analyzed independently from survival data. This expression in converted to the dose domain by defining D ϕ ≡ D 1 /ϕ, the dose requited to create an average of one potentially lethal damage per cell in the population. The behavior of the first three terms in (8), excluding the transformation coefficients, for a specific value of n are shown in the lower panel of figure 3 . At low doses, these terms behave as linear, quadratic and cubic functions of dose, respectively, but transition and approach asymptotic plateau values as the dose increases. The behavior of the linear and quadratic terms are shown for a range on the values of n in figure 4 . The linear or quadratic shapes persist to higher doses for higher values of n, which is a measure of the repair capacity of the cell. Taking the limit of the X/S ratio as D goes to infinity results in the corresponding asymptotic limits, as shown in (9), which are not dependent on either ϕ or D 1 . 
Analysis of experimental data
There are numerous published reports of survival and transformation of mammalian cells, but the number of experimental data sets that include both survival and transformation with doses that reach very low survival levels is limited. Terzaghi and Little (1976b) reported x-ray induced transformation frequency data using mouse cells that showed a plateau for doses resulting in low survival levels, but there is considerable scatter in the transformation data for doses in the transition domain. Mortimer Elkind and his colleagues reported both survival and transformation data for mammalian cells for several types of radiation that are particularly robust in terms of the number and range of doses Elkind 1979, Suzuki et al 1981) . These date are used to evaluate the expressions for survival and transformation derived above. One approach is to obtain values for D 1 , ϕ, and n from survival data and use these values to fit the corresponding transformation data to the theoretical expressions, adjusting only the values of the transformation coefficients.
An alternate approach is to analyze only the X/S data sets, obtaining n, D ϕ , and the relevant transformation coefficients directly, which also permits the analysis of X/S data when independent survival data are not available. Another possibility would be to obtain D 1 , ϕ, and n and the relevant transformation coefficients from a simultaneous analysis of survival and transformation data using global fitting software (Beechem et al 1991) . However, global procedures appear inappropriate for ionizing radiation. Suzuki et al (1981) reported survival for Chinese hamster ovary (CHO) cells and mouse cells for different wavelength bands of ultraviolet (UV) radiation. They also reported UV induced transformation to ouabain resistance for the hamster cells and neoplastic transformation of the mouse cells. Their report includes data for both UVB and UVC radiation, but the focus here is on the UVB results because the UVC data are restricted to a smaller portion of the published charts and thus are more difficult to digitize accurately. The UVC data do, however, show a plateau in neoplastic transformation frequency for doses that result in less than 10% survival.
Ultraviolet radiation

Ouabain resistance: a single gene mutation.
Ouabain (g-strophanthin) is toxic to mammalian cells because it binds to and inhibits the function of the Na + /K + -ATPase, which transports sodium and potassium ions across the plasma membrane. Resistance is conferred by mutations that change the structure of the ATPase in ways that modify the ouabain binding site to reduce or eliminate binding (Sandtner et al 2011) . UV radiation can produce such mutations (Chan and Little 1978) . Figure 5 shows survival and transformation to ouabain resistance of CHO cells as a function of UVB dose (Suzuki et al 1981) . Fitting the expression for S RD in (1) to these data results in a good fit with the values of n, ϕ, and D 1 shown in the upper panel of the figure. Using these same values for the survival parameters, the transformation data were fit by the linear and quadratic terms in expression (8-1), also producing a good fit and the values of the transformation probability coefficients shown in the lower panel. For low doses, the transformation per survivor data are predominantly linear, although a small quadratic component was found. The higher doses show the transition region and approach to an asymptotic plateau, as predicted by the theory of repair-dependent transformation. The predominately linear response is consistent with this being a single gene mutation induced transformation. Figure 6 shows survival and neoplastic transformation for mouse cells as a function of UVB dose (Suzuki et al 1981) . The parameters and curve determined by fitting the survival data to (1) are shown in the upper panel. The neoplastic Phys. Med. Biol. 59 (2014) 5073 transformation data in the lower panel were fit with the survival parameters and the sum of the linear and quadratic terms in expression (8-1), resulting in the thick solid curve and transformation probability coefficients shown in the caption. The fit thus obtained is not as good Figure 5 . Chinese hamster V79 cell survival (upper panel) and transformation frequency to ouabain resistance (lower panel) as a function of UVB dose. The experimental data are from Suzuki et al (1981) . The survival data were fit to expression (1) resulting in the fitting parameters and curve shown in the figure. The transformation data were fit to the sum of the linear, quadratic, and cubic terms in (8) using the parameters obtained from the survival data and resulting in the curve, asymptotic plateau and transformation coefficients shown in the lower panel. The value of the quadratic coefficient is, at best, marginally significant, while the value of ξ 3 was 5 × 10 Suzuki et al (1981) . The survival data were fit to expression (1) resulting in the fitting parameters and survival curve shown in the upper panel. The transformation data were fit to the sum of the linear and quadratic terms in expression (8-1) using the fitting parameters determined from the survival data, resulting in the transformation coefficients, ξ 2 = 1.63 × 10 -4 and the solid curve shown in the lower panel; the linear coefficient returned was 3.75 × 10 -11 , and therefore negligible. The dashed curve was fit to the experimental data using the quadratic component of expression (8-2), i.e. only transformation per survivor data were used in the fitting process, which returned n = 3.93, D ϕ = 198.0 J/m 2 , and ξ 2 = 14.8 × 10 -4 . The linear and cubic terms were excluded based on the low dose data in the log-log plot shown in the lower panel. The straight line has a slope of 2, indicating the low-dose data are essentially quadratic. Note that the values on the horizontal axis have been divided by a factor of 100. The dotted curve was obtained by fitting the transformats per survivor data for the six lowest doses (up to ≈500 J/m 2 ) to the classical linearquadratic expression for X/S shown in (4), which returned a = 2.27 × 10 as for ouabain, in part because the experimental data are noisier. The linear transformation coefficient is effectively zero, so the solid curve is entirely RD-quadratic. The experimental data are consistent with a plateau at high doses and a transition region between the parabolic behavior at low doses and the plateau at high doses. The dashed curve was fit to the same data using only the quadratic term in (8-2), hence determining all three fitting parameters using only the transformation data. The fit is slightly better; the average absolute deviation decreasing by over 20%, from 2.07 to 1.61 transformants per survivor. This modest decrease is as would be expected because the fitting algorithm could adjust three parameters, but the two curves are generally similar. The dotted curve was found by fitting the data points up to 500 J/m 2 , and thus including data in the transition zone, to the classic linear-quadratic expression (4). The resulting curve fits very closely with the RD-quadratic dashed curve over their common dose domain, but contains a very significant linear component, which is shown as the dot-dashed line. This demonstrates that including transition zone data in the classic linearquadratic analysis results in a linear component even if the repair-dependent analysis contains only a quadratic component. The larger numerical values for the transformation frequency encountered for doses in the transition region result in these data having an enhanced impact on the fitting process. The linear component becomes dominant in the shape of the dashed curve near zero dose.
Neoplastic transformation by UVB.
Ionizing radiation: neutrons
Han and Elkind reported survival and transformation of mouse C3H/10T½ cells exposed to fission-spectrum neutrons (Han and Elkind 1979) ; their data are replotted in figure 7 . The experimental survival data were fit to expression (1), resulting in the values of these parameters shown in the upper panel. Fitting the transformation data shown in the lower panel to the three lowest order terms in expression (8-1) resulted in the quadratic coefficient, ξ 2 , much larger than either the linear or cubic coefficients. The predominantly quadratic nature of the response at low doses is supported by the log-log plot of the same data shown in the insert in the lower panel, where the straight line through the data has a slope of 2. However, the response function calculated from these parameters, shown as the dashed curve in the lower panel of figure 7 , lies above all but one of the experimental data points. Therefore the date were reanalyzed using only transformation frequency data and (8-2), resulting in improved agreement between the experimental data and the calculated curve, which is shown as the solid line.
Ionizing radiation: x-rays
Han and Elkind also reported survival and transformation of mouse C3H/10T½ cells exposed to 50 kVp x-rays (Han and Elkind 1979) ; their data are replotted in figure 8 . The experimental survival data were fit to expression (1), resulting in the values of these parameters shown in the upper panel. The larger value of D 1 for the x-ray data reflects their lesser efficiency in cell killing compared to neutrons. Fitting the first three terms of (8-1) using the three parameters obtained for the survival function results in the dashed line, which is too high at the lower doses and too low at the higher doses. As with the neutron transformation data, the quadratic coefficient greatly exceeded the linear and cubic components and the log-log insert supports the predominately quadratic character of the data for doses less than 3 Gy. Abandoning the use of any of the parameters obtained from the survival data and fitting the transformation frequency data to expression (8-2) results in greatly improved agreement with the experimental data, but with significantly different parameters.
Discussion
The high-dose plateaus predicted by the repair dependent model have been observed in both UV and ionizing radiation transformation frequency data from multiple laboratories (Chan and Little 1976 , Terzaghi and Little 1976a , 1976b , Han and Elkind 1979 , Suzuki et al 1981 , thus supporting the relevance of the model. A high dose plateau is an inherent consequence Figure 7 . Clonogenic survival (upper) and transformation frequency (lower) for C3H/10T½ cells exposed to fission-spectrum neutrons. Data are from Han and Elkind (Han and Elkind 1979) . The survival data were fit by expression (1) resulting in the values and the solid curve shown in the upper panel. When these values were used to fit the transformation data to (8-1), a value of ξ 2 = 39.38 × 10 -4 and vanishingly small values for ξ 1 and ξ 3 , resulting in the dashed line in the lower panel, which passes above most of the data points. Repeating the fitting process using only transformation data and the quadratic term in (8-2), resulted in the solid curve in the lower panel with D ϕ = 0.30 Gy, n = 8.58 and of ξ 2 = 2.79 × 10 -4 and improved agreement with the experimental data. The insert in the lower panel is a log-log plot of the same experimental data, where the solid line was obtained by fitting a linear function with a slope of 2 (i.e. a pure quadratic function) to the six lowest dose log-log data points (doses less than 3.5 Gy).
of repair exhaustion combined with the assumption that survival and transformation depend on the total number of potentially lethal damages in a cell. Regardless of the model for the distribution of lethal damages among the cells in a population, increasing dose increases the Figure 8 . Clonogenic survival (upper) and transformation frequency (lower) for C3H/10T½ cells exposed to 50 kVp x-rays. Data are from Han and Elkind (1979) . The solid curve in the upper panel was determined by fitting the experimental data to expression (1) resulting in the fitting parameters ϕ = 1.0, n = 3.45, and D 1 = 1.046 Gy. The dashed curve in the lower panes was determined by fitting the first three terms of the series shown in (8-1) to the experimental data, resulting in a value of ξ 2 = 21.76 × 10 -4 and vanishingly small values for ξ 1 and ξ 3 ; the corresponding asymptote is 38.66 × 10 -4 and is shown as the dashed horizontal line. Agreement with the experimental data is poor for both low and high doses. The solid curve was obtained by using the quadratic term in (8-2) and letting the fitting function determine n in addition to D ϕ and ξ 2 . The fit is greatly improved, but the resulting parameters are quite different from those obtained from the survival data: n = 20.85, D ϕ = 0.245 and ξ 2 = 19.7 × 10 -6 ; values that are closer to what might be expected based on the known incidence of major radiation induced DNA damages per unit dose. The insert in the lower panel is a log-log plot of the same experimental data, where the solid line was obtained by fitting a linear function with a slope of 2 (i.e. a pure quadratic function) to the six lowest dose log-log data points (doses less than 3.5 Gy).
average number of lethal damages in the entire population. But the average number of potentially lethal damages in the population of surviving cells must also increase. As the dose approaches infinity, the surviving cells approach a limit in which they have the largest number of potentially lethal damages that are compatible with survival; n -1 per cell in the nomenclature used above. Because all survivors have the same number of potentially lethal damages, according to the hypothesis that transformation is dependent on the number of such damages, all survivors are expected to have the same transformation frequency, so the ratio of transformants per survivor will be constant, even though the numbers of both surviving cells and transformed cells are decreasing exponentially as a function of dose.
The repair dependent model for transformation frequency indicates radiation dose can be divided into three domains. For doses resulting in high survival, the transformation frequency is a linear combination of fundamental linear, quadratic, and possibly higher order components, (although, for the data sets studied, no cubic or higher components were detected). At doses resulting in low survival, each transformation frequency term asymptotically approaches a plateau. Between the fundamental and plateau domains, there is a transition domain where the rapidly increasing transformation frequencies of the fundamental domains are smoothly connected to the slowly increasing transformation frequency of the plateau domain. In this domain, at least part of the curve is concave downward, i.e. the second derivative of the transformation frequency with respect to dose is negative. For quadratic and higher order terms, there must be an inflection point, leading to a sigmodial overall shape.
The repair-dependent model is in better quantitative agreement for UV than for ionizing radiation, based upon the limited number of data sets that were analyzed. One interpretation of this result is that the distribution of lethal damages is more accurately represented by a Poisson distribution for UV than for ionizing radiation. While a single UV photon cannot produce more than one dipyrimidine photoproduct (Fisher and Johns 1976) , a single x-ray photon or neutron may generate more than one DNA damages in a cell, through both direct and indirect mechanisms. While the probability that a neutron or x-ray will pass through a particular cell might be accurately represented by a Poisson distribution, the resulting distribution of lethal damages per cell will be weighted so that a cell that has been damaged at least once will have an average of more damages than predicted by a Poisson distribution. Thus for a given average number of lethal damages per cell in the population, the fraction of the cells containing more than the repair limit will be greater, and the fraction of cells containing at least one but fewer than the repair limit will be smaller than predicted by a Poisson distribution. Also, the number of undamaged cells will be larger, which increases survival, but reduces transformation. These factors are the basis for using different values of D 1 and n in the analysis of survival and transformation for the ionizing radiation data. Because more than one potentially lethal damage may be generated by a single radiation event, such damages may be spatially correlated so as to increase the probability of inactivating or transforming a cell. However, the repair dependent model neither requires such correlation nor provides evidence for or against its validity. The decoupling of survival and transformation in (8-2) introduces the possibility that the populations of damages responsible for cell killing and transformation are not necessarily identical. In this case, the values of n and D ϕ obtained from transformation frequency data along with the probability of a cell receiving an inherently lethal damage, i.e. (1 -ϕ) , obtained from survival data, can be used to characterize the distribution of the damages responsible for transformation.
The analysis of datasets for neoplastic transformations by UV, x-rays and neutrons all result in the quadratic repair dependent term giving the best fits to experimental data, as shown in figures 6-8. The fitting function rejected significant linear components, even when the resulting fit was poor. In addition, improved fits could be obtained by analyzing transformation frequency data separately from survival data. Log-log plots also support the predominately quadratic nature of the data at low doses in the case of neoplastic transformation. However, these results cannot exclude the possibility that at very low doses, the shape of the transformation frequency function is not exactly quadratic. Even if the transformation frequency data are entirely quadratic for high survival levels, the shapes of the repair-dependent function results appears to have a linear component if experimental data extend to doses in the transition domain and are analyzed assuming the traditional linear-quadratic model, i.e. expression (4). In such an analysis, if the dose response for transformation in not exactly quadratic, as in the transition region, than the analysis is forced to generate a linear component. Thus, analysis of experimental data using the traditional linear-quadratic model, described by (4), will tend to overestimate a linear component, even if in none is present. While this observation cannot eliminate the possibility of a linear component at very low doses, it restricts the possible magnitude of such components compared to those calculated using the simple linear-quadratic model when data from the transition dose domain are included in the analysis. Conversely, if all data are restricted to sufficiently high survival levels (low doses), the traditional linearquadratic expression shown in (4) can be a good approximation, although the linear term may be small or nonexistent. When (8-2) is used to determine the dose-response function for transformation frequency, it can be thought of as an empirical extension of (4), which is, itself, an empirical relationship.
Little and his colleagues have reported experiments that indicate that observed low transformation frequencies may result from improbable events occurring in subsequent generations of cells during colony formation and not from an inherently low frequency of defective repair in the irradiated cells (Little 2000) . Because the repair dependent model is based on data from clonogenic assays that reflect events occurring after irradiated cells have divided multiple times, the results presented here neither support nor argue against this possibility.
